High-grade gliomas are aggressive brain tumors encompassing Grade III and IV classifications. Of these, glioblastoma (GB) is the most malignant with a high rate of recurrence after initial resection. Although standard treatment does exist for newly diagnosed GBs, therapeutic strategies for recurrent GB are less solidified. However, mounting evidence describes the role of re-resection, bevacizumab, chemotherapy, targeted molecular therapies, immunotherapeutic approaches and radiotherapy in recurrent GB management. This review article provides analysis of the aforementioned therapies, through assessing their effect on overall survival. Because GB tumor heterogeneity is prevalent there is a constant need to investigate therapies targeting recurrence. Studies evaluating both therapeutic targets and strategies for high-grade gliomas are and will remain invaluable. Background Primary tumors of the CNS affect nearly seven out of 100,000 people worldwide [1]. Of these tumors, tumors of glial origin are the most common. These glial tumors, referred to as gliomas, are classified into four histological tumor grades that play a large role in dictating treatments and prognoses. High-grade gliomas (HGGs) encompass the WHO classification of Grade III
Background
Primary tumors of the CNS affect nearly seven out of 100,000 people worldwide [1] . Of these tumors, tumors of glial origin are the most common. These glial tumors, referred to as gliomas, are classified into four histological tumor grades that play a large role in dictating treatments and prognoses. High-grade gliomas (HGGs) encompass the WHO classification of Grade III
Practice points
• Likelihood of tumor recurrence after initial aggressive treatment of glioblastoma (GB) is very high.
• Although a standard treatment regimen exists for newly diagnosed GB, no such regimen is yet fully established for recurrent GB.
• Evidence that re-resection of recurrent GB improves overall survival varies widely.
• Bevacizumab, a monoclonal antibody that has been efficacious in other cancers, is believed to be well tolerated when utilized for recurrent GB and may improve outcomes.
• EGRF-targeted therapies and novel immunotherapeutic approaches have been investigated for recurrent GB management.
• Challenges contributing to GB tumor recurrence include tumor heterogeneity and proximity to eloquent brain locations.
• Future experimental trials may shed light on more robust therapeutic agents for this aggressive brain tumor with a high proclivity for recurrence.
gliomas (anaplastic astrocytomas and anaplastic oligodendrogliomas) and Grade IV gliomas that are more rapidly-growing and aggressive as compared with their lower grade counterparts. Specifically, glioblastoma (GB) are the most malignant glioma tumors and represent 15-20% of all primary intracranial tumors [2] .
Presenting clinical history of HGGs usually spans <3 months in more than one-half of affected patients. Common presenting symptoms are consequences of increased intracranial pressure secondary to tumor growth, and include headaches, cognitive impairment, seizures and focal neurological deficits. The standard treatment regimen for GB, as established by a Phase III randomized trial, consists of maximal surgical resection and radiotherapy in combination with temozolomide (TMZ) chemotherapy, followed by adjuvant TMZ for 6-12 cycles [3] [4] [5] . Regardless patients have a mere median survival of 14 months despite surgery, radiation and chemotherapy, as well as a 5-year survival rate of <10%, because of GB invasiveness and resistance to treatment [6] . This dismal prognosis is due to the invasive tumor cells, and signaling pathway analyses have implicated Akt activation with tumorigenicity and invasiveness, and Erk activation with GB cell proliferation, highlighting the potential role of concurrent inhibitory therapy [7] .
Nearly all patients with GB suffer from tumor recurrence despite initial aggressive treatment [8] . Studies have shown the mean time to GB recurrence is approximately 32-36 weeks after initial multimodal treatment, and this is most frequently a result of continuous neoplastic growth within 2-3 cm from the original neoplasm [9] .
This article aims to review current evidence regarding the treatment options for recurrent HGGs, in particular Grade IV GB tumors, with the goal of analyzing not only well-known therapeutics but also relatively novel agents that have been investigated. Furthermore, since standard treatment for recurrent GB is yet to be definitely established, this article will present treatment strategies for these aggressive brain tumors displaying high rates of regrowth. Although determining optimal management of patients with recurrent GB is certainly an evolving challenge, it is our hope that this review solidifies understanding of current treatment regimens and also propels the consideration and development of future therapeutic agents targeting GB progression.
Repeat surgical resection
Although it is well understood that re-resection for recurrent HGGs certainly provides relief of progressive symptoms, evidence of its specific impact on overall survival (OS), defined as the percentage of patients in a treatment group still alive for a given period of time after diagnosis, varies widely. A recent systematic review examining the benefit of repeat surgery for GB analyzed 31 studies and concluded that re-resection as described by 29 of these studies demonstrated survival benefit [10] ; a time interval of >6 months between operations and Karnofsky Performance Score (KPS) >70 contributed to increased survival rates (KPS is a functional impairment index ranging from 0 to 100 that can assess patient prognosis). Approximately 25% of patients with recurrent GB can be considered candidates for surgical re-resection, subject to specific characteristics indicative of a favorable prognosis for reoperation. Currently, age <70 years, tumor volume <50 cm 3 and a preoperative KPS of >80% have been shown increase likelihood of survival time prolongation after reoperation [11] [12] [13] [14] .
Despite the information above, there is currently no consensus regarding the role of reresection for recurrent HGGs certainly provides relief of progressive symptoms, evidence of its impact on OS varies widely. There is currently no consensus in the literature regarding the role of reoperation for recurrent GB. A recent retrospective analysis of 102/232 patients (44%) with recurrent GB who had undergone reoperation followed by chemotherapy revealed no significant benefit of surgery as compared with chemotherapy alone as measured by progressionfree survival (PFS) [15] . In another retrospective analysis, OS of 20 patients with recurrent GB who had received only surgical re-resection or reresection combined with chemotherapy and radiotherapy was assessed. Nine out of 20 patients (45%) who have received only repeat surgery for recurrence showed significantly lower survival rates as compared with the other 11 patients who had repeat surgery followed by radiosurgery or chemotherapy [16] .
Analysis has also been performed evaluating the impact of extent of resection (EOR) at both initial and repeat resection of GB on OS. The sample size of patients studied was large, at 107 patients and univariate and multivariate analysis revealed that OS was maximized following re-resection if gross-total resection (GTR) was achieved upon reoperation regardless of
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• glioblastoma • high-grade gliomas • overall survival • progression-free survival • recurrence treatment Treatment options for recurrent high-grade gliomas Review future science group www.futuremedicine.com EOR status on the initial surgery [17] . Therefore it was postulated that repeat surgical resection of recurrent GB should be pursued if subtotal resection was initially performed and if there is a possibility of GTR at recurrence. Another study analyzed the survival advantage of EOR in patients undergoing re-resection for recurrent GB, and noted that such advantage was noticed with as little as 80% EOR [18] . It is important to note that although survival generally appears to be increased in patients undergoing resection for GB, the lack of randomized trials makes it difficult to objectively evaluate its efficacy.
Bevacizumab
A contributing reason driving GB recurrence and poor prognosis is its highly angiogenic nature as evidenced by microvascular proliferation and elevated expression of VEGF. Bevacizumab is a human recombinant mono clonal antibody to VEGF and a mediator of tumor angiogenesis that has been shown to have treatment efficacy in a number of cancers including metastatic breast and colorectal cancers [14, 19, 20] . Bevacizumab was initially evaluated in HGGs in combination with irinotecan, a topoisomerase I inhibitor, because studies had shown addition of bevacizumab to standard chemotherapy for patients with metastatic colorectal cancer prolongs PFS [21] . Bevacizumab received expedited US FDA approval in the USA in 2009 for treatment of recurrent GB and is available in most other countries worldwide other than the EU. Approval was based upon prospective Phase II trials [22, 23] . In the first Phase II trial of bevacizumab and irinotecan for recurrent GB, 20/35 (57%) of patients had a partial radiographic response (the primary end point of the study) and the PFS at 6 months was 46% [24] . The second Phase II trial, termed the Brain Study, assessed bevacizumab's effect alone or with irinotecan in recurrent GB therapy. In the bevacizumab-alone and the bevacizumab-plusirinotecan groups, 6 month PFS rates were 42.6 and 50.3%, respectively; objective response rates were 28.2 and 37.8%; and median OS times were 9.2 and 8.7 months [22] .
Following these data, the FDA approved bevacizumab monotherapy for recurrent GB in patients who had undergone prior chemoradiotherapy. It is important to note that bevacizumab monotherapy has been shown to be well tolerated in patients with recurrent GB, more so than combination therapy. In the Phase II Brain study, rates of adverse events in patients undergoing monotherapy as compared with patients treated with irinotecan and bevacizumab were 46 and 66%, respectively [22] .
In order to shed light onto which patient conditions may be most favorable to bevacizumab therapy, a retrospective analysis compared the outcomes of recurrent GB patients treated with bevacizumab to those in a control group. In patients >55 years of age, bevacizumab treatment reflected a significant increase in PFS and OS as compared with the control group, even though no outcome differences were observed in patients <55 years of age [25] . The authors postulated that perhaps there is an age-dependent response in recurrent GB in relation to VEGF-expression levels, propelling bevacizumab to work better in elderly populations. Although no certain biomarkers exists for patients responsive to bevacizumab, it appears there is robust management potential for patients with highest GB-related mortality -the elderly.
The first randomized controlled Phase II trial of bevacizumab therapy in recurrent GB, called the Dutch BELOB trial, as well as the EORTC 26101 trial, has prospectively evaluated its efficacy versus CCNU monotherapy (lomustine) and combination therapy (lomustine is an alkylating nitrosourea compound that has decent penetration across the blood-brain barrier [BBB]). The BELOB trial was performed across 14 hospitals in The Netherlands and targeted 148 patients with recurrent GB after TMZ-chemoradiotherapy. Dual therapy with bevacizumab and CCNU was compared with monotherapy of each, with 9 month OS being the primary assessed outcome [26] . It turned out that OS was lowest in the bevacizumab monotherapy group (38%) as compared with 43% for the lomustine group. Most impressively, patients who had undergone dual therapy had OS of 63%. The conclusion was reached that combination therapy with bevacizumab and CCNU for recurrent GB may prove most efficacious in prolonging OS, and that the future of bevacizumab monotherapy may be less certain. Despite these promising results, the combination of bevacizumab and lomustine for treating first recurrences of GB did not improve OS in the subsequent Phase III EORTC-26101 trial, reported at the However, OS did not differ between the two study arms, with a median OS of 8.6 months for the lomustine-alone study group and 9.1 in the bevacizumab/lomustine study group (HR: 0.95; 95% CI: 0.74-1.21; p = 0.65). Nor was neurological deterioration-free survival significantly different between the lomustine and the bevacizumab/lomustine study arms (5.72 vs 6.21 months, HR: 0.78; 95% CI: 0.58-1.06; p = 0.112) [27] . Toxicity was as expected, with more myelosuppressive events in the combination arm. Crossover to bevacizumab occurred in 35.5% of patients in the control arm, whereas 19% of patients in the combination arm continued with bevacizumab at progression. Epigenetic classifcation, MGMT status and other expression profiling data analyses will be reported in the near future.
In summary, whereas bevacizumab seems to result in improvements in recurrent GB PFS secondary to microvascular regression, improvements in OS appear to be limited [28] . One study has indicated that vascular modeling induced by repetitive bevacizumab treatments may actually lead to a hypoxic neoplasm environment that propels glycolysis and ultimately leads to tumor cell invasion [29] . This indicates the possible need to combine bevacizumab therapy with drugs that target the glycolysis pathway in order to ensure that tumor growth regresses rather than progresses due to further invasion after treatment. Further validation of such molecular markers may lead to more explicit stratification of treatment strategies recurrent GB patients.
Salvage chemotherapy
In addition to pursuing re-resection and/or bevacizumab therapy as management strategies for recurrent GB, utilization of salvage chemotherapy has also been investigated extensively. A prospective Phase II study analyzed efficacy of CPT-11 monotherapy administration in 40 adult patients (median age: 59) who were treated with two cycles of CPT-11, a topoisomerase I inhibitor chemotherapy agent, following diagnosis of tumor progression [30] . The patients were then evaluated with MRI and thorough neurological examinations. Although no treatment-related deaths occurred, there was a lack of response in the CPT-11 patient group with recurrent GB. It is necessary to note that perhaps a longer CPT-11 cycle schedule would be more conducive toward drawing conclusions toward its efficacy, as each cycle lasted only 3 weeks in duration. To address this point, a study over a longer period of time was conducted in which 38 adults (median age: 52 years) with GB and KPS >60 with recurrent disease were given CPT-11 with the goal of determining PFS-6 as a means of concluding if CPT-11 treatment could significantly delay tumor progression [31] . PFS-6 was a mere 15.7% in the recurrent GB patients treated with CPT-11 for 6 months, and it was concluded that CPT-11 administration was not efficacious over this long-term schedule.
Since the approval of TMZ in 1997 for highgrade glioma treatment, it has become the current chemotherapeutic agent used prevalently for newly-diagnosed GB patients, with standard treatment being favorably composed of concomitant chemoradiotherapy (CCRT) with TMZ followed by six cycles of adjuvant TMZ [5] . It is important to highlight that TMZ, the most widely utilized alkylating agent in GB, induces DNA damage and cell death. For a subset of GBs, the protein O 6 -MGMT promoter is methyl ated, enhancing chemosensitivity. Studies have shown that MGMT is unmethylated in approximately 60% of GBs, thus providing inherent resistance to alkylating agents [5, 33] . Salvage chemotherapy with TMZ monotherapy for recurrent GB has also been studied extensively in an attempt to determine the best treatment for recurrent GB. A recent retrospective analysis published in 2015 analyzed 144 patients who had initially received maximal surgical resection combined with CCRT and adjuvant TMZ and eventually suffered from recurrent GB. Out of these patients, 31 patients (22%) underwent solely salvage treatment, 28 (20%) had dual therapy with Gamma knife radiosurgery (GKS) followed by TMZ and 38 (26%) underwent surgical reresection [32] . The median OS of the TMZ, GKS + TMZ and reoperation groups were 5.6, 15.5 and 13.2, respectively, and median PFS were 2.3, 6.0 and 4.3. It was concluded that, when assessing the role of TMZ in treatment for recurrent GB, GKS + TMZ treatment would be most efficacious.
TMZ rechallenge as the salvage treatment for recurrent GB has also been favorably supported by a recent study in which investigators utilized continuous TMZ, termed 'TMZ rescue', at time of progression followed by CCRT and conventional TMZ [33] . In this study, the PFS-6 was 57% with limited toxicity. An additional study by Wick et al. in 2009 evaluated TMZ rechallenge as sole treatment for GB recurrence and concluded that TMZ generated promising PFS-6 results in patients who had experienced GB recurrence over an unspecified period of time [33] . Numerous trials have also analyzed TMZ efficacy as monotherapy for progressive HGGs. Studies administered TMZ in traditional 5-day cycles after diagnosis of recurrence, and across all studies, PFS-6 averaged 33% and median OS 7.7 months [34, 35] . A Phase II trial was also performed to evaluate efficacy of dosedense TMZ for patients with recurrent HGGs, specifically consisting of 7 days on and 7 days off of treatment [36] . Among the patients with recurrent GBs, PFS-6 was 10% with an OS of 21.6 weeks and although the dose-dense TMZ alternative treatment was well tolerated it was not reported to have significant activity in the patient population.
Overall, it appears that further studies of CPT-11 use in recurrent GM are required to better understand its efficacy in high-grade glioma management. Furthermore, as mentioned above, ample evidence has highlighted the beneficial role of Gamma knife radio surgery and combination TMZ therapy in recurrent glioma therapy. It is particularly important to note that MGMT promoter methylation appears to be a predictive biomarker of radiation response to alkylating agents including TMZ, and therefore may influence therapy decisions for patients.
Targeted molecular therapies
Although there exists genetic heterogeneity among individual HGGs, a number of common molecular pathways have been identified to be upregulated and responsible for driving tumor propagation and invasiveness. These mole cular pathways have been targets for novel small molecule inhibitors in attempts to reverse these aggressive phenotypes. For example, EGFR is amplified in over 50% of GBs. About 40% of GBs with EGFR amplification express mutant receptor EGFRvIII that has been shown to be an independent prognostic factor for poor OS [37] . Accordingly, EGFR-targeted therapies have been developed for management of recurrent GB, including gefitinib (Iressa) and erlotinib (Tarceva), although these have not yet proved to be successful.
A Phase II study of geftinib for recurrent GB reported a PFS-6 of 17%, which was the same as in historical controls [37] . Other Phase II studies by the North Central Cancer Treatment Group failed to reveal any survival benefits in patients who were administered gefitinib for recurrent GB [38] . A Phase I trial analyzing the use of erlotinib monotherapy to treat GB progression demonstrated a PFS-6 of 11% but with modest impact on OS [39] . More recently, a large randomized Phase II study by the EORTC compared erlotinib with TMZ for recurrent GB and found the results disappointing when the EGFR inhibitor was used as monotherapy. These series of trials highlight that such EGFR-targeted therapies have unclear impact on long-term survival.
The PI3K/AKT/mTOR intracellular signaling pathway has also been investigated as a means of targeted molecular therapy. A preclinical study revealed that inhibiting PI3K may decrease TMZ resistance by enhancing cytotoxicity and increasing suppression of cellular proliferation [40] . This pathway is currently being analyzed further as a targeted molecular therapy for recurrent HGGs.
Oncolytic viral (OV) therapies are also a promising component of the GB treatment reper toire. As compared with gene therapy, in which the role of therapeutic genes is of utmost importance, oncolytic virotherapy utilizes viruses with a preserved potential for the active viral cycle. Fifteen of such viruses have been tested on GB, and 20 clinical trials have been implemented [41] . Four oncolytic strains have completed Phase I clinical trials in GB patients targeting safety. Among 120 GB patients treated with OV, there was near complete absence of serious adverse events. Further studies are needed to more thoroughly investigate the role of OV therapy in management of HGGs.
immunotherapy
Immunotherapy represents a promising avenue for cancer therapy given its potential for its specificity for cancer cells while minimizing systemic toxicity. Heat shock protein (HSP) has been one such approach against GB. HSPs are chaperone proteins transcriptionally unregulated in cancers including HGGs, in which there is increased translation of abnormal protein products. Specifically, in GB there is heightened transcription of HSP70 mRNA and HSP90 has been shown to regulate tumor propagation signaling pathways implicated in GB [42] . HSP-peptide based vaccines have been derived from the isolation and purification of HSPs from resected GB patients following reinfusion of the complex, enabling the chaperone proteins to interact with antigen presenting cells and ultimately train naive immune cells against antigenic targets. Phase I, II and III clinical trials have been conducted to investigate HSP vaccines, with the majority of HSP vaccine trials having studied HSP peptidecomplex 96 (HSPPC-96). A recent Phase II study targeted 41 patients with recurrent GB who had received GTR followed by HSPPC-96 vaccine doses, with the primary end point being PFS-6. Survival data was quite promising, with 90.2% of the patients alive at 6 months, with median survival being nearly 43 weeks [43] . HSPPC-96 warrants further study as an appropriate, efficacious immunotherapy for recurrent GB.
Two novel immunotherapeutic approaches for recurrent GB have recently emerged as safe and auspicious, namely Rintega and DCVax-L. Developed by Celldex Therapeutics, Rintega consists of an EGFRvIII peptide that generates a targeted immune response against EGFRvIIIexpressing recurrent GBs. A randomized controlled Phase II exploratory study, coined the ReACT study, revealed dual therapy with Rintega and bevacizumab demonstrated a statistically significant and clinically meaningful benefit in OS as compared with bevacizumab monotherapy for GB progression. PFS-6 of Rintega + bevacizumab groups was 30%, as compared with a mere 12% for bevacizumab montherapy groups [44] . In addition, a Phase III study called ACT IV was conducted in newly diagnosed EGFRvIII-positive GB patients. The 745 patient study was a randomized, doubleblind, controlled study of RINTEGA plus granulocyte-macrophage colony-stimulating factor added to standard of care TMZ. The control arm regimen included standard of care TMZ plus injections of keyhole limpet hemocyanin, which is a component of RINTEGA and was selected due to its ability to generate an injection site reaction similar to that observed with the RINTEGA vaccine, which improves the blinding of the study. The ACT IV study was discontinued in March 2016 based on the recommendation of the independent data safety and monitoring board that the study was unlikely to meet its primary OS end point in patients with minimal residual disease as both the RINTEGA arm and the control arm were performing on par with each other. In the ACT IV study, RINTEGA performed consistently with prior Phase II studies (ACTIVATE, ACT II, ACT III) but the control arm significantly outperformed expectations (hazard ratio = 0.99; median OS: RINTEGA 20.4 months vs control 21.1 months). Across all studies, RINTEGA has been generally well tolerated. The most common adverse events are injection site reactions, fatigue, rash, nausea and pruritus.
DCVax-L is a dendritic cell-based vaccine composed of autologous dendritic cells paired with tumor lysate [45] . Two Phase I and II trials have been completed and a Phase III trial is ongoing. The completed trials were composed of 20 patients with newly diagnosed GB as well as 19 patients with recurrence. A total of 33% of the recurrence patients had reached or exceeded median survival of 4 years, and 27% had exceeded that of 6 years. This was perceived as quite efficacious considering the grim prognosis of GB, with its median survival of only 14 months even after combination surgical resection, chemotherapy and radiotherapy. Currently the 348 patient Phase III clinical trial for DCVax-L is being carried out in order to assess PFS-6, and the results will likely play a major role in molding the future of this vaccine into the realm of recurrent GB management.
Mutations in isocitrate dehydrogenase (IDH) has been identified as an early molecular event in GB proliferation, and IDH1 mutations have been associated with favorable outcomes in Grade III and IV malignant tumors [2] . In 2008, The Cancer Genome Atlas conduced genomewide analyses that, for the first time, identified mutations of the IDH1 gene in GB tumor samples [46] . Recent attempts have been made to develop vaccine immunotherapies targeting the IDH1 mutation protein [47] . Currently, two Phase I trials investigating the role of oral therapy in targeting the IDH1 mutant protein in patient with GB are underway with interim results pending.
Radiotherapy
Salvage radiotherapy has also been extensively investigated as a therapeutic option for GB progression, specifically for a small minority of patients with focal disease. First conceived in 1951, stereotactic radiosurgery is an irradiation mechanism enabling delivery of large radiation doses to a small target tumor site via high energy radiation beams. Several retrospective analyses have highlighted its specific benefit as an alternative to surgical resection for surgically inaccessible and progressive HGGs including GB. For instance, one study reported salvage radiotherapy as having superior local tumor control rates as compared with reoperation for recurrence [48] . A recent retrospective analysis compared 29 patients who had received Gamma knife monotherapy for recurrent GB with 28 patients who had received dual therapy with GKS + TMZ [32] . Median OS of the GKS and GKS + TMZ groups was 9.2 and 15.5, respectively, and median PFS was 3.6 and 6.0. It was therefore concluded that dual therapy consisting of GKS + TMZ would be more likely to enhance survival.
Linear accelerator-based radiosurgery has been utilized for treatment of HGGs and data have been reported on 86 patients who underwent it after recurrence [49] . Patients with tumors smaller than 10.1 cm 3 who underwent this therapy experienced median survivals of 15.1 months as compared with 8.1 months in patients with bigger GBs. In the absence of randomized evidence, it is challenging to determine whether stereotactic radiosurgery improves OS in recurrent GB, but evidence has shown that salvage radiotherapy, particularly in conjunction with chemotherapy, may be efficacious for management of recurrent HGGs.
intratumoral injection
In most cases, the delivery of adequate drug concentration to recurrent GBs is anatomically challenging due to difficulty traversing the BBB. Convection-enhanced delivery (CED) has been investigated as a loco-regional delivery mechanism by which pharmaco logical agents can bypass the BBB and be used for recurrent GB treatment. Specifically, drug delivery occurs via catheters placed directly within the tumor mass or around its cavity, allowing the infusate to be administered into the brain tissue. The first Phase III trial for CED, known as the PRECISE study, compared OS and tolerability of cintredekin besudotox Box 1. Summary of various treatment strategies for recurrent high-grade gliomas.
Repeat resection
• 25% of patients with recurrence can be considered candidates for re-resection • 102/232 patients (44%) with recurrence undergoing re-resection + chemotherapy showed no PFS benefit of sole surgery as compared with chemotherapy alone
• If re-resection is pursued, overall survival correlates with EOR
Bevacizumab
• Phase II trial: monotherapy -> PFS-6 of 43%; combination therapy with irinotecan -> PFS- 6 
Intratumoral injection
• PRECISE study for convection-enhanced delivery:
• Cintredekin besudotox + Gliadel (BCNU) was well tolerated yet exhibits limited survival difference EOR: Extent of resection; GKS: Gamma knife radiosurgery; OS: Overall survival; PFS: Progression-free survival; TMZ: Temozolomide.
(CB) via CED versus the surgical implantation of Gliadel Wafer. CB is composed of human IL-13 and recognizes tumor cells that express this receptor to induce apoptosis. As the majority of HGGs over express IL-13 receptors, this therapeutic has the capacity to directly target recurrent GB tumors. The Gliadel (BCNU) wafer is an antineoplastic drug approved by the FDA for treatment of GB progression.
Results of the trial revealed that administration of both CB and the Gliadel wafer were well tolerated by patients and that a limited survival difference was evident among the two different CED agents [50] . For the efficacy evaluable population, the median survival was 45.3 weeks for CB cohort and 39.8 weeks for Gliadel (p = 0.310). It is important to note that drug distribution was not assessed in this trial for either agent. In a mouse model of GB, one group injected lipopolysaccharides into the tumors and assessed for regression, with the proposed mechanism that lipopolysaccharides induce strong immune responses that may prevent cellar proliferation of malignant gliomas. Specifically, complete or nearly total tumor regression was achieved in 20/20 (100%) of mice injected with 400 mg of lipopolysaccharides [51] . Although this has not yet been investigated in humans, it nevertheless is a very exciting finding highlighting its possible antitumoral effects on GB.
Future evaluations of CED-based therapeutics will inevitably benefit from drug distribution assessment and real time imaging capability allowing the investigator to image whether the drug is hitting its target.
Conclusion
Management of recurrent HGGs including GM is challenged by multiple factors including tumor heterogeneity and proximity to eloquent locations that make it difficult for maximal initial surgical resection (Box 1). These factors increase the propensity toward developing recurrence. The future will be exciting to see whether imaging biomarkers and next generation sequencing can continue to facilitate the discovery of therapeutic targets and strategies for recurrent HGGs. Ultimately, the final decision regarding course of treatment for recurrent GB should factor in specific patient characteristics, and patients should be presented with the opportunity to participate in experimental trials which will inevitably help develop both current and future therapeutic agents for this aggressive brain tumor with grim prognosis.
Future perspective
Although it is largely accepted that maximal surgical resection, radiotherapy and concomitant and adjuvant TMZ is the standard of care for patients with newly diagnosed GB, therapeutic strategies for recurrent GB are less established. This is of particular concern considering that even with initial treatment, the prognosis of HGGs including GB is dismal, with a median survival of only 14 months and a high rate of recurrence. Even though treatment for recurrent HGGs is a constantly evolving challenge, the aforementioned therapies -which range from resection to chemotherapy to CED -all offer glimpses of hope by revealing that increased understanding of molecular mechanisms paired with clinical trials have led to auspicious therapeutic approaches.
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Practice points
• We conducted a retrospective review of the California Cancer Registry to examine treatment patterns and survival in elderly patients with glioblastoma.
• The optimal treatment regimen for elderly patients has not yet been established.
• For all treatment modalities, elderly patients (>70 years of age) had a lower median overall survival (OS) when compared with younger patients (18-70 years of age).
• Elderly patients were less likely to receive surgery plus radiation and chemotherapy.
• The extent of resection in elderly patients was less than in their younger counterparts.
• However, elderly patients had the greatest OS with surgery, radiation and chemotherapy.
• OS in some elderly patients may be improved by more extensive therapy, but needs to be evaluated prospectively. 
Aim:
The optimal treatment for elderly glioblastoma patients is unclear. We conducted a retrospective review of the California Cancer Registry to examine treatment patterns and survival by age. Methods: We identified 2670 adult patients from the California Cancer Registry with glioblastoma. We compared the extent of resection, treatment type and modality. Results: Elderly patients had the greatest overall survival (OS) with combined surgery, radiation and chemotherapy. However, they were more likely to undergo biopsy and less likely to receive combined radiation and chemotherapy than patients <70. Conclusion: OS was maximized in elderly patients who were able to get some surgical resection and undergo combined radiation and chemotherapy. OS survival in some elderly patients may be improved by more extensive therapy. 
KeywoRds
• California cancer registry
Glioblastoma is the most common adult primary malignant brain tumor [1] . The median age at diagnosis is 64 years with a peak incidence in patients aged 75-84 years, numbers which are expected to further increase as the aging population expands [2, 3] . Gliomas account for half of all intrinsic brain tumors. WHO grade IV glioblastomas are the most malignant variant and make up around half of all gliomas [4] . According to the Central Brain Tumor Registry of the United States, the 5-year survival rate for glioblastoma, between 2007 and 2011, is limited to 5%. The current standard of care is surgical resection plus concurrent radiation and chemotherapy with temozolomide, which provides a modest 14.6-month median survival [5, 6] . Survival in the elderly
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is even shorter and usually limited to no longer than 8.5 months on average [6, 7] . Despite a great effort in basic and clinical research, prognosis remains poor [6] . Prior to 2005, the standard of care for glioblastoma was a 6-week course of fractionated radiotherapy only. Starting in 2005, the standard of care shifted to radiation plus temozolomide chemotherapy, based on a randomized clinical trial by Stupp et al. Surgery provides a histological diagnosis, can help with preservation of neurological function and improve survival [8] . Postoperative radiotherapy and chemotherapy improve overall and disease-free survival, with targeted therapies being trialed to improve the poor median survival [9, 10] . The Stupp trial demonstrated an increase in median OS from 12.1 months with radiation only to 14.6 months with the addition of temozolomide, with an increase in 5-year survival of nearly 10% [5] . However, the Stupp study excluded patients aged >70 years. Therefore, it has not been rigorously determined whether such patients benefit from this treatment [11] . More aggressive tumor behavior, less aggressive treatments, increased toxicity, decreased tolerability and additional medical comorbidities could explain a higher severity of the disease in the elderly. The balance between treatment efficacy and quality of life is a major focus because of the shorter life expectancy of patients [12] . As the population continues to age, it is increasingly important to ensure the elderly are managed appropriately, with best possible treatment outcomes.
Many clinical trials in glioblastoma exclude the elderly and the optimal treatment approach for elderly glioblastoma patients has not yet been clearly established [13, 14] . In addition, due to factors such as poorer prognosis associated with older age and the presence of other comorbidities, elderly glioblastoma patients are often treated with less aggressive, alternative regimens that may be better tolerated. There is no current standard of care for the treatment of the elderly with glioblastoma, and multiple abbreviated regimens have been developed based on the results of recent trials in frail or elderly glioblastoma patients [4, [15] [16] [17] . Increasing age is associated with decreasing benefit from chemotherapy and an increasing risk of cognitive side effects from cranial irradiation [5, 18] . Some studies have shown that elderly patients are often unable to complete the standard radiotherapy regimen of 6 weeks. A 6-week radiotherapy regimen, therefore, may be associated with substantial risks of morbidity and early discontinuation [19] . Moreover, the tolerability of combined radiotherapy and temozolomide seems to be reduced in the elderly [20] . However, other studies have shown that age in itself is not a contraindication to chemotherapy and recent trials for glioblastoma in the elderly have not included a combined radiation and chemotherapy arm [2] . MGMT promoter methyl ation was shown to be a prognostic marker of outcome, and a strong predictor of benefit with temozolomide chemotherapy in elderly patients [4, 11, 19, 21, 22] . The overall survival seems to be significantly longer in elderly patients treated with temozolomide and who had methylated MGMT promoter status than in those who did not have MGMT promoter methyl ation [19] . To help understand treatment patterns of elderly individuals with glioblastoma, as well as outcomes, we retrospectively explored the treatment options, extent of surgical resection and survival for glioblastoma in the elderly in the post-temozolomide era, using the California Cancer Registry (CCR).
Materials & methods

•
• Data source CCR is the State of California population-based cancer surveillance system. The CCR collects information about all cancers diagnosed in California (except basal and squamous cell carcinoma of the skin and carcinoma in situ of the cervix). Data for this retrospective study were obtained from CCR at UC San Diego Moores Cancer Center. In the study, we included a cohort containing patients diagnosed with glioblastoma grade 4 from 2005 to 2010 from all the institutions throughout the state of California reporting to CCR.
From the CCR data, we extracted patients with histologic codes 9380/3, 9381/3, 9382/3, 9400/3, 9401/3, 9440/3, 9441/3 and 9442/3. The date of diagnosis and the age at diagnosis were noted along with overall survival (in months). A total of 31,746 patients with a diagnosis of glioma were identified. From those, 12,040 were grade 4 and 2797 were diagnosed from 2005 to December 2010, with 2702 aged 18 years or older. A total of 32 (1.2%) patients had incomplete data with regard to type of treatment or extent of resection, and were excluded from (Figure 1 ). Patients were categorized in eight treatment groups: biopsy only, surgery only, biopsy plus chemotherapy, biopsy plus radiation, surgery plus chemotherapy, surgery plus radiation, biopsy plus chemotherapy and radiation and surgery plus chemotherapy and radiation. Extent of resection was then categorized into three types: biopsy, subtotal resection (STR) and gross total resection (GTR).
•
• statistical analysis OS was calculated from the date of diagnosis to either death or censored at 31 December 2010. Survival probability was compared by the Kaplan-Meier method with a log-rank test.
Pairwise comparisons were conducted to analyze the association between OS and age groups. A Bonferroni pairwise comparison test was used to test the association between the median survival times and the Chi-square test to compare the treatment options across the age groups. All analyses were performed with SAS Software. Differences were defined as statistically significant if p < 0.05.
Results
We first examined the type of treatment patients received, both as a whole group and then as a function of age. We assigned patients to one of eight treatment groups as outlined in the Methods. There were 2670 evaluable patients. A total 275 (10.3%) patients received no treatment for their tumors following biopsy diagnosis; 416 (15.6%) patients were treated only with surgery; 20 (0.7%) patients were treated with biopsy and chemotherapy; 96 (3.6%) patients were treated with biopsy and radiation; 76 (2.8%) were treated with surgery and chemotherapy; 211 (7.9%) were treated with surgery and radiation; 370 (13.9%) were treated with biopsy, radiation and chemotherapy; 1206 (45.2%) were treated with surgery, radiation and chemotherapy (table 1) . Next we stratified by age, and found that the elderly patients were less likely to receive the full treatment regimen of surgery/radiation/chemotherapy as often as the younger group. Of the total number of 1960 patients aged 18-70, 1016 (51.8%) were treated with surgery, radiation and chemotherapy whereas only 190 (26.8%) aged >70 received this treatment regimen (p < 0.0001) (table 1) .
Next we evaluated OS. The median OS for all 2670 patients was 9 months (95% CI: 8-9 months). The median survival for patients aged 18-70 was 12 months (95% CI: 11-13 months). For patients >70 years of age, the median survival was 4 months (Figure 2) . We compared the OS for the eight subgroups based on treatment modality and age (table 2). In both age groups, OS was shortest with biopsy/surgery alone, improved with radiation and the greatest with radiation and chemotherapy combined. For patients aged 18-70, the median OS was 2 months (95% CI: 1-2 months) for biopsy only, 4 months (95% CI: 3-5 months) for surgery only, 7 months (95% CI: 5-16 months) for biopsy and radiation, 11 months (95% CI: 10-14 months) for surgery and radiation, 9 months (95% CI: 8-12 months) for biopsy, radiation and www.futuremedicine.com chemotherapy and 16 months (95% CI: 15-17 months) for surgery, radiation and chemotherapy (Figure 3) . For patients >70, the median OS was 2 months (95% CI: 1-2 months) for biopsy only, 3 months (95% CI: 2-3 months) for surgery only, 3 months (95% CI: 2-4 months) for biopsy and radiation, 5 months (95% CI: 4-6 months) for surgery and radiation, 6 months (95% CI: 5-7 months) for biopsy, radiation and chemotherapy and 8 months (95% CI: 7-9 months) for surgery, radiation and chemotherapy (Figure 4) . In order to make comparisons with published data from previous studies, we calculated the median OS for the combined groups biopsy/surgery and radiation, and biopsy/surgery with radiation and chemotherapy. For patients aged 18-70, the median OS biopsy/surgery followed by radiation was 11 months (95% CI: 10-14 months) and 14 months (95% CI: 13-15 months) for biopsy/surgery with radiation and chemotherapy. For patients >70, the median OS was 5 months (95% CI: 4-6 months) for biopsy/surgery and radiation, and 7 months (95% CI: 6-8 months) for biopsy/surgery, radiation and chemotherapy.
We then evaluated the effect of extent of resection on survival for each age group. Extent of resection was categorized into biopsy only, STR and GTR. In the younger patients, OS was significantly improved with more extensive resection. For patients aged 18-70, the median OS was 6 months (95% CI: 5-7 months) for biopsy, 12 months (95% CI: 11-14 months) for STR and 16 months (95% CI: 15-18 months) for GTR (Figure 5) . Elderly patients had a longer OS with at least some type of surgical resection (STR or GTR) when compared with biopsy only. However, there was no significant difference in OS between STR and GTR in the elderly. For patients >70, the median OS was 3 months (No CI) for biopsy, 5 months (95% CI: 4-6 months) for STR and 6 months (95% CI: 5-6 months) for GTR ( Figure 6 ).
Next, we determined if there were differences in the extent of resection as a function of age (table 3) . The elderly patients were more likely to receive only a diagnostic biopsy when compared with the younger group, who were more likely to undergo more extensive surgery. Of the total number of 710 patients aged >70, 272 (38.3%) got a diagnostic biopsy only whereas 489 (24.9%) of the patients aged 18-70 got a diagnostic biopsy, which was statistically significant (p-value < 0.0001) (table 3) . Elderly patients had a longer OS with at least some type of surgical resection (STR or GTR) instead of biopsy only (5 and 6 months for STR and GTR compared with 3 months for biopsy), even though they were less likely to receive a resection (table 4) .
Discussion
The survival data reported in our study are consistent with other published retrospective and prospective studies in glioblastoma. In our study, the median survival for patients in the 18-70 group who were treated with biopsy or surgery and followed by radiation and chemotherapy was 14 months, compared with 14.6 months in Stupp trial [13] . For patients receiving biopsy/surgery and radiation, we reported a median OS of 11 months compared with 12.1 months in the Stupp trial [13] . In the >70 group, the median OS in the radiation only group was 5 months, similar to the median OS in the Nordic trial of 5.2 months for patients that were >70 and received 60 Gy of radiation [19] . The OS for patients treated with surgery only was 3 months in our study, compared with the 2 months of OS found in Burton et al. study [14] . For all the treatment options analyzed, the elderly patients (>70) had a lower median OS when compared with the younger group . Despite this poor prognosis, their median OS was maximal with combined surgery, radiation and chemotherapy. For elderly patients who underwent surgical resection, the median survival was 3 months. With the addition of radiotherapy, median survival increased to 5 months and when chemotherapy was also added to the regimen, the median survival was 8 months. However, elderly patients were significantly less likely to undergo full treatment regimen of surgery plus radiation and chemotherapy when compared with younger patients. In the 18-70 group, 51.8% were treated with a regimen of surgery, radiation and chemotherapy, whereas only 26.8% in the >70 group received the full treatment regimen. The same held true for extent of resection, where 38.3% of elderly patients received a biopsy as opposed to surgical resection, compared with only 24.9% of younger patients. Elderly patients were less likely to receive either GTR or STR when compared with their younger counterparts. Elderly patients had a longer median survival with at least some type of surgical resection (STR or GTR) instead of biopsy only, even though they were less likely to receive a resection. Interestingly, there were no differences in OS between STR and GTR in patients >70. For elderly patients able to undergo at least partial resection, there may be a survival benefit, and attempting to achieve a GTR in the elderly may not provide an additional benefit over partial debulking surgery.
As with all retrospective studies and epidemiological registries, there are a number of inherent limitations. Retrospective analysis of registry data is limited by the variables collected by the registry. Specific data on radiation dose, chemotherapy type or performance status were not extractable variables. In our review, 32 patients were removed from the study because of incomplete data with regard to type of treatment or extent of surgery. In the CCR, the diagnosing institution is responsible for subsequent data collection, even if the patients go elsewhere for treatment. This requires diligent follow-up and voluntary participation from other institutions or community-based practitioners. Because neuro-oncology is highly subspecialized, we suspect that many patients receive initial diagnosis in a community hospital setting and are subsequently transferred to tertiary care centers for further surgery, radiation or chemotherapy, leading to inaccurate or incomplete treatment data collection. For instance, a small percentage of patients (2.8%) reportedly received surgery and chemotherapy without radiation, yet in the 18-70 group had a median OS that was similar to those treated with radiation and chemotherapy. Similarly, we originally planned to examine differences in treatment patterns between academic institutions and other California hospitals, but such a comparison would be highly confounded by crossover among institutions.
Recent prospective studies of glioblastoma in the eldery have included a chemotherapy only arm with temozolomide, and have shown that chemotherapy only was better than radiotherapy only, but only in patients with MGMT promoter methylation [4, 19] . Information on MGMT promoter methylation status was not available to us in the registry, nor was data on initial performance status. Some recent prospective trials of the elderly have also stratified by performance status, whereas our study included all patients. Furthermore, there is also no set definition of 'elderly.' The Stupp trial included patients aged 18-70 and a WHO performance status 0-2. NOA-08 incuded patients >65 years old but also with a Karnofsky performance status >60. The Nordic trial included patients >60 years old with a WHO performance status 0-2 [19] . The IAEA study evaluated both elderly and/or frail patients, including patients as young as 50, and with a performance status as low as 50% [23] . Based on the age cutoff of 70 in the Stupp study, and the subgroup analysis for patients >70 years old in the Nordic trial, we used a definition of elderly as >70 years old for this study. We were unable to evaluate the impact of performance status, which may have explained why elderly patients were more likely to get a biopsy instead of resection or to be treated with radiation instead of radiation and chemotherapy. However, there is considerable heterogeniety among the 'elderly' population, and all of these definitions are not without their limitations. Certainly, age, performance status, molecular phenotype and medical co-morbidities will likely factor into how this population is ultimately treated in the future. For our study, we restricted our initial search to the years of 2005-2010, starting with the year of the Stupp study and when the addition of temozolomide to radiation became the current standard of care. We included all patients up through 2010, which is the most recent data in the CCR. Although the CCR data do not specify the type of chemotherapy, we assumed that patients received standard of care temozolomide, which is supported by the fact that the OS in our analysis is similar to the OS of other upfront studies, including the Stupp trial. Despite these limitations, our study shows that eldelry patients may benefit from surgical debulking followed by combined radiation and chemotherapy.
A previous study evaluated the treatment patterns of patients >65 years of age with glioblastoma, from 1994 to 2002, using the Survival Epidemiology and End Resuts (SEER) database [24] . The SEER study evaluated the pretemozolomide era, in contrast to our study which was limited to the post-temozolomide era. In the SEER study, 55% of patients received radiation alone, and 10% received radiation and chemotherapy. This is in contrast to our more recent analysis, in which 15% of patients in the >70 cohort received radiation alone and 40% received radiation and chemotherapy. The rates of no radiation or chemotherapy were 35 versus 39%, respectively. 61% of patients in both studies underwent at least partial resection, although our population was slightly older. While the approval of temozolomide chemotherapy has increased the fraction of patients who receive chemotherapy, the rates for surgery and overall treatment were largely unchanged.
Recently completed trials in the elderly have not inculded a combined radiation and chemotherapy arm. A randomized Phase III study of temozolomide and short-course radiation versus short-course radiation alone in newly diagnosed elderly glioblastoma patients is currently underway to answer that question (Canadian Cancer Trials Group CE.6). Elderly was defined as age >65 and a WHO performance status of 0-2. Preliminary data showed a median OS of 7.6 months in the RT group and 9.3 months in the RT/TMZ group [25] . Qualify of Life measures were not different between the two groups, suggesting that the addition of chemotherapy was well tolerated. With regards to our data, this suggests that the improvement in OS with more treatment is likely due to an improvement in efficacy and not merely more favorable prognostic factors. However, the optimal treatment for all elderly patients, and especially those with poor performance status, which were not included in CE.6, remains to be determined, and more prospective trials are needed to establish the optimal therapy for all elderly patients with glioblastoma.
conclusion
The treatment of elderly patients with glioblastoma is not yet optimized. Our data suggest that elderly patients demonstrate an improved overall survival with surgical debulking followed by radiation and chemotherapy, although the elderly are less likely to receive this combination when compared with their younger counterparts. Additional variables such as MGMT promoter methylation status or performance status may help define subgroups of elderly patients that could benefit from combined surgery, radiation and chemotherapy, and this needs to be studied prospectively. The standard management of a single brain metastasis is usually maximal resection when feasible followed by radiotherapy. In case of multiple lesions, several options have to be considered depending on the natural behavior of the primary tumor, the localization of brain lesions, their functional impact and related symptoms. In case of life-threatening brain metastasis, debulking surgery is often proposed first, with the risk of major bleeding and postponing the initiation of other treatments. This approach is now challenged by the rapid tumor shrinkage that could be observed with novel targeted therapies. Here we report the case of a patient suffering from a melanoma with multiple brain metastasis, treated with BRAF and MEK double blockade, with impressive and rapid response. 
Keywords
• BRAF V600E mutation • brain metastasis • melanoma Melanoma brain metastasis can traditionally be treated with local therapies being either whole brain radiotherapy or stereotactic radiosurgery for small lesions and surgery when necessary [1] . Now sufficient literature has reported high tumor response rates with targeted therapies but the sequence and/or combinations of the various therapeutic tools, i.e., surgery, irradiation and small molecules reaching the tumor through blood-brain barrier, is not known.
Whether targeted therapies could be used upfront to treat patients with brain metastasis and the impact of such molecules on quality of life and patient autonomy are still open issues practice points
• Multiple brain metastases from melanoma are usually treated by radiotherapy.
• In some particular clinical situations, such as BRAF V600E-mutated melanoma, with high kinetics and tumor load an alternative clinical treatment option to consider is targeted therapy.
• Direct comparison of BRAF/MEK double blockade versus BRAF inhibitors in brain metastasis form melanoma has not been explored yet.
• In the treatment of metastatic melanoma, compared with BRAF inhibitors alone, BRAF/MEK double blockade has shown a better therapeutic index with improved efficacy and less toxicity.
• This report illustrates the feasibility and efficacy of the BRAF/MEK inhibitors combination, warranting dedicated clinical investigation.
• The clinical efficacy of targeted therapies remains of limited duration. mutations. In addition, neurological symptoms rapidly appeared with ideomotor apraxia, dysgraphia and cognitive defects, as well as severe abdominal pain. Brain MRI confirmed the presence of multiple metastases, the biggest measuring 4.3 cm in the right parietal lobe and responsible for the clinical presentation. A complete imaging work-up showed multiple metastases in the lungs, adrenals and retroperitoneal space. Dexamethasone 8 mg was started immediately. Given the presence of multiple retroperitoneal painful masses, the burden of the tumor outside the brain, and despite the neurological symptoms, the decision of the multidisciplinary tumor board was to favor the immediate initiation of a double blockade with BRAF and MEK inhibitors (i.e., dabrafenib and trametinib at standard schedules). Within a few days only, the patient reported an obvious alleviation of both neurological symptoms and abdominal pain, and the dose of dexamethasone was progressively tapered down. Follow-up imaging after 1 month showed a 46% decrease in tumor volume, and after 3 months a complete response of all brain lesions was observed (Figure 1) , still ongoing at 6 months. Still even if response is impressive in all lesions, one should note that the largest brain metastasis being hemorrhagic, thus a considerable part of the shrinkage is from absorption of blood.
Discussion and conclusion
Several studies recently revealed the efficacy of BRAF inhibition (or double BRAF and MEK blockade) in melanoma metastatic to the brain, for patients previously treated or not [2] [3] [4] [5] . The case reported here suggests that this treatment modality can also be considered upfront for patients with symptomatic and large brain metastases.
RT has not been considered upfront in this patient given the presence of multiple retroperitoneal painful masses -the burden and growth kinetics of the tumor outside the brain did not allow to a systemic therapy to be postponed.
The clinical benefit could be very important for patients with high kinetics of tumor growth and/or concomitant symptomatic metastasis outside the CNS. Even though there is no direct comparison between BRAF inhibitors alone versus double blockade for brain metastasis management -outside the CNS, BRAF/MEK combination increases the rate and duration of responses compared to BRAF therapy alone. As a result BRAF and MEK inhibitors should definitively be integrated in the complex algorithm of melanoma brain metastasis. However, the clinical efficacy of targeted therapies remains of limited duration (6 months follow-up in our case), and the next challenges are now to define when brain irradiation and/or immunotherapy should be delivered for responding patients [6] . No writing assistance was utilized in the production of this manuscript.
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